Tuberculosis remains a serious health concern worldwide, with nearly 8 million new cases documented each year. According to the World Health Organization, it is estimated that approximately 25 million individuals will succumb to the disease in the coming decade (34) . Infection with the causative agent, Mycobacterium tuberculosis, can result in several disease scenarios depending on the immune state of the host. Whereas infection of an immunocompromised host frequently leads to acute tuberculosis, infection of an immunocompetent host by M. tuberculosis frequently results in establishment of latent infection (5) . Despite the fact that 1.8 billion people are latent carriers of M. tuberculosis, current antituberculosis drugs are largely ineffective against bacilli in this stage of infection. Thus, development of new therapeutic agents to treat latent infections requires a better understanding of the molecular mechanisms mediating long-term infection of M. tuberculosis within the host.
The ability of M. tuberculosis to survive within the host requires resistance to various physiological and environmental stresses. Recent studies provide evidence that long-term infection by the tubercle bacillus requires expression of a complex array of genetic determinants, including those involved in intermediary and secondary metabolism, cell wall processes, stress responses, and signal transduction pathways (3, 28) . Sigma factors and two-component signal transduction systems encode two major families of transcriptional regulators necessary for adaptation processes. Sigma factors regulate gene expression by binding to the RNA polymerase core and conferring promoter specificity. In M. tuberculosis, a total of 13 putative sigma factors have been annotated in the genomic sequence (4), several of which belong to the extracellular function (ECF) family, whose members frequently mediate resistance to external stress (17) . Expression of sigma factors, including sigB, sigE, and sigH, has been shown to be required for the resistance of M. tuberculosis to various environmental stresses likely to be encountered in vivo (17) (18) (19) 26) . Furthermore, a subset of these sigma factors is induced during the growth of M. tuberculosis within macrophages and is required for aspects of virulence in animal model systems (1, 8, 12, 16, 17, 19) .
Bacterial adaptation also requires genes from the two-component signal transduction family (32) . Two-component systems are comprised of a histidine kinase sensor and a cognate cytoplasmic response regulator. Collectively, these protein pairs sense environmental stimuli and initiate adaptive transcriptional programs by means of phosphotransfer reactions. Eleven complete and several orphaned two-component signal transduction members are present in the M. tuberculosis genome (4), many of which are important for aspects of virulence in the tubercle bacillus (14, 22, 23, 25, 27, 35) . One of these systems, mprAB, is required by M. tuberculosis for persistent infection (35) , is part of a 41 gene genomic island whose expression is induced during in vivo growth of M. tuberculosis (30) , and is induced in M. tuberculosis during growth within an artificial granuloma model system (11) . While the biological contribution of MprAB to M. tuberculosis virulence is unknown, mprAB is induced in M. tuberculosis in response to nutrient starvation (2) and by low concentrations of sodium dodecyl sulfate (SDS) in a SigEdependent manner (19) . In addition, MprA directly regulates its own expression and that of the downstream gene pepD, a putative trypsin-like serine protease, through cooperative recognition of a 19-bp direct repeat motif, an activity that requires phosphorylation of MprA at active-site Asp48 (9). Here we report that mprA is induced in response to several environmental stresses and provide evidence that MprA functions in the stress response network in M. tuberculosis through direct regulation of stress-responsive genetic determinants.
MATERIALS AND METHODS
Bacterial strains, growth conditions, and antibiotics. M. tuberculosis strains are derivatives of H37Rv and were grown aerated (150 rpm) at 37°C in Middlebrook 7H9 broth or on 7H10 agar medium (Becton Dickinson) supplemented with 0.5% glycerol, 10% (vol/vol) oleic acid-albumin-dextrose-catalase (Becton Dickinson), and 0.05% (vol/vol) Tween 80 (Sigma). When required, kanamycin sulfate and hygromycin B were added to the medium at a final concentration of 25 and 50 g/ml, respectively. For DNA microarray or real-time quantitative reverse transcription-PCR (qRT-PCR) experiments, individual M. tuberculosis strains were grown to mid-exponential phase (A 600 Ϸ 0.6 to 0.8), divided into three separate cultures, and either left untreated or exposed to stress for 90 min with shaking at 37°C.
Construction of M. tuberculosis mutants. The M. tuberculosis mprA::Km r mutant has been described previously (35) . This strain is unable to make MprA and expresses reduced levels of MprB due to polarity imparted from the Km r insertion. To construct strains TB1, TB2, and TB4, the mprA::Km r mutant was transformed with derivatives of integrating plasmid pTZ189 (35) expressing various alleles of mprA and mprB under the control of its endogenous promoter. pTZ189 is a derivative of pMV306 that carries a Hyg r cassette in place of the Km r cassette. TB1 carries the pTZ189 vector alone. TB2 carries pTZ189 expressing wild-type MprA and a deletion derivative of MprB lacking 39 amino acids from the extracytoplasmic loop domain (amino acids 95 to 133). TB4 contains pTZ189 expressing wild-type mprA and mprB. Primers used to construct M. tuberculosis mutants are described in Table 1 . RNA extraction and purification. RNA was extracted essentially as described previously (10) except that cells were first treated with RNAlater (Ambion) at 4°C for 24 h prior to lysis to inactivate RNases. Resulting RNA was treated twice with TurboDNase (Ambion) at 37°C for 2 h and purified by affinity chromatography using RNeasy purification columns (QIAGEN). For microarray studies, mRNA was enriched from total RNA (10 g) using the MICROBExpress bacterial mRNA purification kit as recommended by the manufacturer (Ambion).
Microarray studies. M. tuberculosis microarrays were constructed using the M. tuberculosis array-ready oligonucleotide set (version 1.0). Oligonucleotides were printed in duplicate on each slide as previously described (10) . mRNA-enriched samples obtained from three independent cultures of wild-type M. tuberculosis H37Rv or the mprA::Km r mutant were used to generate labeled cDNA by reverse transcription using SuperScript III reverse transcriptase (Invitrogen), a cocktail of synthetically generated decamers (7), and Cy3-or Cy5-dCTP (Am- (10) . Cy-3 and Cy-5 intensities for each spot were quantified using ScanAlyze (Stanford), the median background values subtracted, and the values normalized based on the total intensity of good-quality spots over background values (11) . Signals were considered of good quality if the intensity of Ͼ60% of the pixels in at least one channel was Ͼ1.5-fold higher than the average background. Data were analyzed using SAM (significance analysis of microarrays) (31) to determine significant expression changes. M. tuberculosis genes exhibiting a statistical significance (one class response; k, nearest-neighbor imputer; falsediscovery rate, Ͻ10%; q Ͻ 0.05; and a 1.8-fold or greater difference in fluorescence from baseline) in at least four out of six dye swap experiments were considered biologically significant and thereby regulated by MprA.
qRT-PCR assays. Specific primer pair sets (Table 1) for target genes were generated using Beacon Designer 2.0 (Biosoft International). The mprA primer set amplifies a fragment upstream of the Km r insertion, allowing detection of mprA transcripts in the mprA::Km r mutant. cDNAs were synthesized using 0.5 g of DNase-treated RNA in reaction buffer containing arbitrary decamers and SuperScript III. Control reaction mixtures lacking reverse transcriptase were also used to confirm the absence of contaminating genomic DNA in all samples. All PCRs were performed using the Bio-Rad iCycler iQ system, and melt curve analysis was conducted to ensure amplification of a single product. Transcript levels of each putative MprA-regulated gene were normalized to that of sigA (15) and expression value calculated using the 2 Ϫ⌬⌬CT method (13). For each condition, RNA from three independent cultures was utilized and the mean and standard deviation determined. For experiments measuring gene expression between treated and untreated cultures of M. tuberculosis H37Rv or the mprA::Km r mutant, gene expression values from stressed cultures were normalized to expression values from a common untreated culture.
EMSAs and DNase I protection assays. His-MprA and the phosphorylationdeficient His-MprA(D48A) mutant were used in DNA binding reactions (9) . For electrophoretic mobility shift assays (EMSAs), DNA fragments derived from the upstream regions of sigB, sigE, and sigH were amplified from the M. tuberculosis H37Rv genome or generated by annealing complementary single-stranded DNA oligonucleotides, end-labeled with [␥-32 P]ATP (MP Biomedicals) using T4 polynucleotide kinase, and incubated at room temperature for 20 min with His-MprA that had been previously phosphorylated in vitro with acetyl phosphate (9) . Reaction mixtures were electrophoresed on a 5% nondenaturing polyacrylamide gel for 2.5 to 3.0 h at 120 V at 4°C. Gels were dried and exposed to Biomax MR (Kodak) X-ray film overnight. For DNase I footprinting, DNA fragments encompassing the sigB and sigE upstream regions were PCR amplified, cloned into pCR2.1-TOPO (Invitrogen), digested with MluI and EcoRI, separated on an agarose gel, purified, and end labeled with [␣-32 P]dCTP (MP Biomedicals) using Klenow enzyme. Thirty-five nanograms of labeled DNA was then incubated with phosphorylated His-MprA at room temperature for 20 min and treated with 0.2 units of DNase I at room temperature for 2 min, and reactions were stopped by the addition of 2ϫ stop solution. Reaction products were phenol-chloroform extracted and precipitated with 3 volumes of 100% ethanol. DNA was suspended in 4 l loading solution, loaded on a 6% denaturing polyacrylamide gel alongside a DNA sequencing ladder, and separated for 2 h at 60 W before the gel was dried and exposed to Biomax MR X-ray film at Ϫ80°C. The DNA sequencing ladder was prepared using the Sequenase version 2.0 DNA sequencing kit (USB). Primers and DNA oligonucleotides used to generate DNA fragments are described in Table 1 .
Statistical analysis. Statistical analyses (analysis of variance and Fisher's protected least-significant difference analysis) of qRT-PCR values were performed with superANOVA (version 1.11; Abicus Software). Values were determined to be statistically significant at a P of Ͻ0.05.
Microarray accession numbers. Microarray hybrdization data have been deposited with the ArrayExpress public database (http://www.ebi.ac.uk/arrayexpress) with accession numbers EϭMExP-552 and A-MExP-315.
RESULTS
Identification of MprA-regulated genes by DNA microarray analysis. To determine genes regulated by response regulator MprA, global gene expression profiling by DNA microarray analysis was conducted using wild-type M. tuberculosis H37Rv and the isogenic mprA::Km r mutant. Individual genes were represented twice on each microarray, allowing gene expression profiles to be investigated in duplicate for each hybridization reaction. During the growth of wild-type M. tuberculosis H37Rv and the mprA::Km r mutant under physiological conditions, a total of 141 genes in H37Rv were statistically determined to be regulated by MprA at levels that were Ն1.8-fold above the mutant levels (Table S1 in the supplemental material). Approximately 67% of these genes were expressed at higher levels in M. tuberculosis H37Rv than in the mprA mutant, suggesting that MprA functions predominantly as a transcriptional activator. MprA-regulated genes fell into multiple functional categories, including virulence, detoxification and adaptation, lipid metabolism, information pathways, cell wall processes, intermediary metabolism and respiration, and regulatory functions (4) . Multiple genes from the PE/PPE gene family and many hypothetical and conserved hypothetical proteins were also regulated. When the complete panel of genes positively or negatively regulated by MprA were examined closer, a large subset of these genes were previously reported to be responsive to various stress conditions (2, 7, 11, 19, 24, 29, 33) . Interestingly, two of these genes included the stress-responsive sigma factors sigB and sigE.
MprA regulates the in vivo expression of sigB and sigE in M. tuberculosis. Microarray analyses indicated that sigB and sigE were expressed at levels approximately threefold and approximately twofold higher, respectively, in wild-type M. tuberculosis H37Rv than in the mprA::Km r mutant (Table S1 in the supplemental material). To confirm these microarray results, RNA from wild-type M. tuberculosis H37Rv and mprA::Km r cultures were subjected to qRT-PCR analyses and sigB and sigE expression levels determined. Expression levels of mprA were also determined, as MprA was previously shown to autogenously regulate its own expression (9) . For all genes, expression levels were normalized to that of sigA, a sigma factor whose expression has been shown to be constitutive under a variety of conditions (15) . Expression of sigB, sigE, and mprA was confirmed to be higher in H37Rv than in the mprA mutant (Fig. 1) . In particular, sigB and sigE expression was 2.4-Ϯ 0.1-fold and 6.1-Ϯ MprA interacts directly with the sigB and sigE upstream regions. MprA autogenously regulates its own expression and that of downstream gene pepD by binding to 8-bp direct repeat motifs located upstream of these coding sequences (9) . To determine if the differences in sigB and sigE expression detected by microarray analysis and qRT-PCR were a result of direct regulation by MprA, EMSAs and DNase I footprinting assays were conducted. His-MprA was labeled in vitro with acetyl phosphate and used in these reaction mixtures to enhance binding of this protein to its target sequences (9) . HisMprAϳP retarded the mobility of DNA fragments comprising the upstream regions of both sigB and sigE ( Fig. 2A and B , lanes 2 to 8) but failed to retard the DNA fragment encompassing the sigH upstream region (Fig. 2C, lanes 2 to 8) , a stress-responsive sigma factor implicated in sigB and sigE regulation (18, 26) . A single protein-DNA complex was observed with the sigB upstream region upon increasing concentrations of His-MprAϳP, while two complexes were observed with the sigE upstream region under similar conditions, suggesting that MprA may bind two sites in this region. Addition of cold competitor DNA from the mprA upstream region significantly reduced binding by His-MprAϳP to the sigB upstream region (Fig. 2A, lane 11) , while binding by His-MprAϳP to the sigE upstream region was completely abrogated following the addition of similar amounts of cold competitor DNA from this region (Fig. 2B, lane 11) . These results suggest that the sigB upstream region may represent a higher-affinity binding site for MprAϳP relative to those present upstream of either mprA or sigE. Importantly, binding by His-MprAϳP to either the sigB or sigE upstream region was not affected by addition of noncompetitor DNA from the PPE19 upstream region ( Fig.  2A and B, lane 12) , a region previously shown not to interact with His-MprAϳP (9).
Response regulators must be phosphorylated to regulate downstream effector gene expression in vivo. However, binding of many response regulators to their recognition sequence in vitro occurs independently of protein phosphorylation. To determine whether the interaction of His-MprAϳP with the sigB and sigE upstream regions in vitro was also independent of protein phosphorylation, binding reactions were repeated with His-MprA(D48A), a mutant protein that is unable to be phosphorylated in vitro or in vivo (9, 36) . His-MprA(D48A) bound efficiently to both the sigB and sigE upstream regions in these reactions ( Fig. 2A and B, lane 13) . These results are consistent with those previously observed for MprA binding to the mprA and pepD upstream regions (9) .
Finally, to confirm direct binding by His-MprA and determine the specific site(s) of interaction, DNase I footprinting of the sigB and sigE upstream regions was also performed. HisMprAϳP protected a region of ϳ27 bp beginning 108 nucleotides upstream of the sigB coding sequence (Fig. 3A and B) . Binding by His-MprAϳP to this region was efficient, as the addition of as little as 44 pmol protein was sufficient to provide complete protection from DNase I digestion. Similarly, HisMprAϳP protected two regions totaling 51 bp beginning 15 nucleotides upstream of the sigE translational start site (Fig.  3A and C) . His-MprAϳP bound to the region distal to the sigE translational start site with high affinity, while a lower-affinity binding site was apparent in the region proximal to the translational start site. Additionally, binding by His-MprAϳP to both the sigB and sigE upstream regions induced DNase I hypersensitivity at sites adjacent to protected regions, suggesting that His-MprAϳP binding induces conformational changes in the DNA. Thus, in vitro binding by His-MprA to the sigB and sigE regions is specific, is concentration dependent, and proceeds independently of protein phosphorylation.
MprA binds cooperatively to distal and proximal direct repeat motifs upstream of sigE. When protected regions from the sigB and sigE upstream regions were subjected to MEME (multiple expectation maximization for motif elicitation) analyses using Genetics Computer Group (GCG) software, se- Relative to the MprA recognition sequence upstream of mprA, a single nucleotide substitution was observed in each putative repeat subunit upstream of sigB, suggesting that this motif likely represents a bone fide site of MprA recognition. In contrast, numerous nucleotide substitutions were observed in the putative distal and proximal direct repeat motifs upstream of sigE (Fig. 4A) . To determine whether these variant repeat motifs represented legitimate MprA binding sites, short DNA fragments corresponding to the distal, proximal, or distal and proximal repeat motifs were generated and utilized in EMSAs. While His-MprAϳP bound efficiently to the probe containing the distal repeat motif alone (Fig. 4C) , it was unable to bind the probe containing the proximal repeat motif alone (Fig.  4D) . Furthermore, replacement of the first three nucleotides comprising the first subunit of the distal repeat motif abrogated binding by His-MprAϳP (Fig. 4E) , demonstrating that this motif represents a legitimate MprA binding site. To determine whether the inability to observe binding by HisMprAϳP to the proximal site was due to a requirement for cooperative binding with the distal site, EMSAs were repeated on February 22, 2013 by PENN STATE UNIV http://jb.asm.org/ using short DNA probes that carried both distal and proximal repeat motif sequences. Two protein-DNA complexes were observed following incubation of His-MprAϳP with this probe (Fig. 4F) . However, the ability of His-MprAϳP to bind this probe was significantly reduced when nucleotides comprising the distal repeat motif were mutated (Fig. 4G) . When taken together, these binding patterns suggest that recognition of the lower-affinity proximal repeat motif by MprA requires cooperative binding with protein bound at the higher-affinity distal repeat motif. mprA expression is induced in M. tuberculosis in response to stress. Because MprA directly regulated two stress-responsive sigma factors during growth under physiological conditions, we next investigated whether mprA itself was regulated by stress. Previous studies have demonstrated that mprA is induced following exposure of Mycobacterium to subinhibitory concentrations of SDS in a manner partially dependent on SigE (19) . Therefore, wild-type or mprA::Km r mutant cultures of M. tuberculosis were treated for 90 min with various stimuli, RNA stabilized, and extracted, and qRT-PCR was performed. Exposure of wild-type M. tuberculosis H37Rv to 0.05% SDS, 0.2% Triton X-100, and alkaline pH (7H9 medium adjusted to pH 8.5) resulted in induction of mprA expression relative to that in untreated samples (Fig. 5A ). This observed upregulation was dependent on MprA, as little or no increase in mprA expression levels relative to those in untreated controls were observed in the mprA::Km r mutant under these conditions (Fig.  5A ). For example, induction of mprA in the mprA::Km r mutant was partially reduced relative to H37Rv following exposure to SDS and alkaline pH, while mprA induction was completely abolished following exposure to Triton X-100. In contrast, treatment with 10 g/ml amikacin, an aminoglycoside that targets protein synthesis machinery, did not induce mprA expression in either H37Rv or the mprA::Km r mutant. Thus, mprA expression is differentially regulated in M. tuberculosis in response to various stresses, and this regulation is partially or completely dependent on MprA.
Induction of sigE expression in M. tuberculosis in response to stress requires MprA. Because MprA regulated the expression of sigB and sigE in M. tuberculosis during growth under physiological conditions, qRT-PCR expression assays were repeated to determine whether MprA also regulated expression of these genes in response to stress. Treatment with SDS, alkaline pH, or Triton X-100 induced sigE expression in M. tuberculosis H37Rv relative to that in untreated cultures (Fig. 5B) . This observed upregulation was completely dependent on MprA, as no induction was observed in the mprA::Km r mutant following exposure to these stresses (Fig. 5B) . However, no significant differences in sigE expression were observed in either wild-type H37Rv or the mprA::Km r mutant following exposure to amikacin, suggesting that sigE is not regulated in response to this stress (Fig. 5B) . In contrast, regulation of sigB expression by MprA was not readily observed in M. tuberculosis following exposure to the various stresses. For example, sigB expression was only slightly higher in wild-type M. tuberculosis than in the mprA::Km r mutant following exposure to alkaline pH, Triton X-100, or amikacin (Fig. 5C) . Furthermore, sigB expression was not regulated by MprA in response to SDS exposure. Thus, sigE but not sigB expression is significantly regulated by MprA in M. tuberculosis in response to the various stresses examined.
Induction of mprA and sigE expression by MprA is mediated through the extracytoplasmic domain of MprB. mprB encodes an integral membrane sensor kinase that contains two transmembrane-spanning regions and an intervening 113-aminoacid extracytoplasmic loop domain that is exposed to the external environment. To determine whether MprA-mediated induction of mprA and sigE expression occurred through MprB and required this extracytoplasmic domain, qRT-PCR expression studies were conducted on M. tuberculosis derivatives expressing wild-type mprAB or wild-type mprA and an mprB allele in which 39 amino acids had been deleted from the extracytoplasmic domain (Fig. 6A ). Alleles were expressed from their endogenous promoter in trans using a site-specific integration vector (9). The mprA::Km r mutant served as the genetic background for these mutations, as the Km r insertion is predicted to be polar on endogenous mprB expression. For these experiments, M. tuberculosis cultures were grown to midlog phase and left unexposed or exposed to 0.2% Triton X-100 to facilitate MprA-mediated induction of mprA and sigE expression. Expression values were measured by determining the mean ratio of mprA or sigE mRNA levels to sigA levels ( Fig. 6B  and C) . As observed previously, exposure of M. tuberculosis H37Rv to Triton X-100 induced the expression of mprA and sigE relative to levels in untreated cultures. In contrast, mprA and sigE expression levels were not induced over background levels following Triton X-100 exposure in strains unable to make MprA (TB1) or in strains expressing an MprB derivative lacking the extracytoplasmic domain (TB2). However, induction of mprA and sigE following Triton X-100 exposure was fully restored when wild-type mprAB was expressed in trans (TB4). The inability to induce mprA and sigE expression in TB2 following Triton X-100 exposure was not due to an inability to make MprB(⌬95-133), as mprB(⌬95-133) expression was detected by qRT-PCR and MprB(⌬95-133) was detectable in cell extracts by Western blotting (data not shown). Rather, lack of induction of mprA and sigE is likely due to an inability of M. tuberculosis to recognize stressful stimuli through MprB. The increased levels of mprA and sigE observed in TB4 relative to wild-type M. tuberculosis H37Rv may be attributed to enhanced expression of MprAB from its site in trans. Alternatively, the Km r insertion may impart only partial polarity on expression of the endogenous mprB gene. Regardless, these results demonstrate that MprA-mediated induction of mprA and sigE occurs through MprB and requires the extracytoplasmic loop domain.
MprA regulates diverse gene sets in response to different stresses. Global gene expression profiling between M. tuberculosis H37Rv and the mprA::Km r mutant indicated that a large group of genes were regulated by MprA during growth under physiological conditions. To determine whether MprA regulated a similar set of genes following exposure to stress, DNA microarray analyses were repeated using RNA extracted from cultures of H37Rv or the mprA::Km r mutant treated with 0.05% SDS or 0.2% Triton X-100 for 90 min. With the same statistical criteria and threshold cutoff as those used for untreated cultures, a total of 221 genes were found to be differentially expressed between H37Rv and the mprA::Km r mutant following SDS exposure (Table S2 in the supplemental material), while 101 genes were differentially expressed in these strains in response to Triton X-100 exposure (Table S3 in the supplemental material and Fig. 7A) . The majority of genes regulated by MprA under each stress condition were distinct and were different from those regulated by MprA during growth under physiological conditions. However, several of these genes were found to be commonly regulated under more than one condition. In particular, 23 genes were 
DISCUSSION
M. tuberculosis is exposed to various environmental and/or physiological stresses during growth in the host. Within a granulomatous lesion, where M. tuberculosis is likely to reside during persistent stages of infection, a tubercle bacillus may encounter stresses that include hypoxia, nutrient limitation, reactive oxygen and nitrogen intermediates, low pH, alveolar surfactants, and toxic proteins and fatty acids (17) . To adapt to these conditions, the tubercle bacillus encodes a variety of two-component regulatory systems and stressresponsive sigma factor genes. Here we present evidence that the MprAB two-component regulatory system participates in stress response pathways of M. tuberculosis. In par- (17) , while sigE is one of 10 ECF sigma factors present in the M. tuberculosis genome (4). The mechanisms regulating sigB and sigE expression are complex and appear to be multifactorial. Transcription of sigB is dependent on SigE under physiological conditions and following exposure to SDS (19) . However, the ECF sigma factor SigH regulates sigB expression in response to heat shock and oxidative stress (18, 26) . The regulation of sigE is less well characterized and may or may not be dependent on SigH and SigE itself (18, 19, 26) . The observations that MprA regulates sigE and sigB expression and that several of the genes regulated by MprA (including mprAB) are also regulated by SigE (19) indicate that external stimuli can be processed by M. tuberculosis in hierarchical transcriptional networks. Interestingly, while MprA regulated sigE expression in M. tuberculosis in the absence and presence of specific stressful stimuli, MprA-mediated regulation of sigB was observed only during the growth of M. tuberculosis under physiological conditions. The reasons for this discrepancy are currently unclear but may be related to the specific stress conditions utilized in these assays. Additional tests utilizing other stimuli are under way to identify environmental conditions that stimulate sigB expression through MprA.
mprA and sigE expression is induced in an MprA-dependent manner following the exposure of M. tuberculosis to several stresses, including ionic and nonionic detergents and alkaline pH. These results indicate that MprAB may respond to stress that is manifested at the cell membrane. Although the exact molecular mechanisms mediating the activation of MprAB are currently unclear, the induction of mprA and sigE by MprA requires the extracytoplasmic domain of sensor kinase MprB. Although our data cannot rule out the possibility that deletion of 39 amino acids from the extracytoplasmic loop domain abrogates the ability of MprB to mediate autophosphorylation or transphosphorylation reactions with MprA, a mutant MprB lacking the first 195 amino acids, including both transmembrane domains and the intervening extracytoplasmic domain, can still be autophosphorylated and transfer this phosphate to MprA (36) . Thus, we speculate that the extracytoplasmic domain is required for the recognition of stress and initiation of subsequent signal transduction events.
While the regulation of two-component systems by sigma factors has been extensively described, to our knowledge this is the first report of direct and sequence-specific regulation of stress-responsive sigma factors by a response regulator. However, this regulatory mechanism is likely to exist in other organisms. For example, the well-characterized CpxR response regulator has been reported to bind upstream of and negatively regulate the expression of stress-responsive sigma factor rpoE in K-12 strains of Escherichia coli. However, direct binding by CpxRϳP to the rpoE promoter region occurs only at high protein concentrations (Ͼ150 pmol) in vitro and the sequence specificity of CpxR binding within the rpoE promoter region has not been investigated (6) . Similarly, the cseBC two-component system regulates expression of stress-responsive sigma factor sigE in Streptomyces coelicolor A3(2) (21). Although cseB and sigE mutants exhibit similar phenotypes, including hypersensitivity to lysozyme and a requirement for high Mg 2ϩ concentrations during the growth of S. coelicolor in vitro (20, 21) , direct regulation of sigE by CseB has not yet been demonstrated. Regardless, regulation of stress-responsive sigma factor genes by two-component systems may represent an efficient and cooperative mechanism utilized by bacteria to rapidly sense and respond to a variety of stress conditions in vitro or in vivo.
The ability of MprAB to regulate multiple sigma factors, two-component systems, and general transcription factors may explain, in part, the relatively diverse gene panel that is induced or repressed by this system under physiological conditions or in response to stress. Surprisingly, only eight genes are regulated by MprAB under all conditions examined. These genes include mprA, Rv1057, sigE, Rv1813c, Rv2053c, Rv2626c, Rv2627c, and Rv2628. Rv1057, Rv1813c, Rv2626c, Rv2627c, and Rv2628 encode hypothetical or conserved hypothetical proteins, while Rv2053c encodes a putative transmembrane protein. mprB is also regulated by MprA under these conditions but was not represented on our microarrays due to a printing problem during the microarray fabrication. Interestingly, the extent of upregulation mediated by MprA for many of these genes varies between the different conditions examined. This indicates that several MprA-regulated genes apart from mprA and sigE possess multiple regulatory inputs and therefore are differentially regulated. Consistent with this idea, the expression of Rv1813c, Rv2626c, Rv2627c, and Rv2628 is highly induced during the growth of M. tuberculosis under hypoxia, and all are under the control of the two-component response regulator DosR (24) . The coregulation of these genes by both DosR and MprA suggests that exposure to low oxygen environments may also initiate stress response pathways in M. tuberculosis.
While at least eight genes are regulated by MprAB under all conditions examined, the majority of genes regulated by MprAB are induced or repressed in response to only a single condition. However, many of these genes have also been shown by DNA microarray analysis and/or qRT-PCR to be regulated in response to other environmental stresses, including hypoxia, nutrient starvation, heat shock, antibiotic treatment, low pH, SDS, and growth in human macrophages in vitro and artificial granulomas in vivo (2, 7, 11, 19, 24, 29, 33) , supporting our hypothesis that MprAB participates in a multifaceted stress response network in the tubercle bacillus. Because MprAB regulates a heterologous gene panel that differs depending on the environmental conditions and because the mechanism and specificity of regulation by MprA have not yet been investigated for the majority of these genes, the composition of the complete MprAB regulon remains unclear. MprA recognizes conserved 8-bp direct repeat motifs that are separated by a 3-nucleotide spacer region; however, some variation in these repeat motifs can be tolerated by MprA and likely contributes to the overall differences in levels of gene expression mediated by this transcription factor. Consequently, further studies are required to better define the genetic targets regulated by MprAB during the growth of M. tuberculosis under physiological conditions or in response to stress.
In summary, MprAB is a two-component system that is responsive to stress in M. tuberculosis and regulates the expression of sigma factors and other stress-responsive genetic determinants during growth under a variety of conditions. Continued study of these systems is essential to understanding the complex and interconnected regulatory networks utilized by M. tuberculosis to survive environmental stress and to adapt during infection within the host.
